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ABSTRACT Arenaviruses are a large family of emerging enveloped negative-strand
RNA viruses that include several causative agents of viral hemorrhagic fevers. For
cell entry, human-pathogenic arenaviruses use different cellular receptors and endo-
cytic pathways that converge at the level of acidified late endosomes, where the vi-
ral envelope glycoprotein mediates membrane fusion. Inhibitors of arenavirus entry
hold promise for therapeutic antiviral intervention and the identification of “drug-
gable” targets is of high priority. Using a recombinant vesicular stomatitis virus
pseudotype platform, we identified the clotrimazole-derivative TRAM-34, a highly se-
lective antagonist of the calcium-activated potassium channel KCa3.1, as a specific
entry inhibitor for arenaviruses. TRAM-34 specifically blocked entry of most arenavi-
ruses, including hemorrhagic fever viruses, but not Lassa virus and other enveloped
viruses. Anti-arenaviral activity was likewise observed with the parental compound
clotrimazole and the derivative senicapoc, whereas structurally unrelated KCa3.1 in-
hibitors showed no antiviral effect. Deletion of KCa3.1 by CRISPR/Cas9 technology
did not affect the antiarenaviral effect of TRAM-34, indicating that the observed anti-
viral effect of clotrimazoles was independent of the known pharmacological target.
The drug affected neither virus-cell attachment, nor endocytosis, suggesting an ef-
fect on later entry steps. Employing a quantitative cell-cell fusion assay that by-
passes endocytosis, we demonstrate that TRAM-34 specifically inhibits arenavirus-
mediated membrane fusion. In sum, we uncover a novel antiarenaviral action of
clotrimazoles that currently undergo in vivo evaluation in the context of other hu-
man diseases. Their favorable in vivo toxicity profiles and stability opens the possibil-
ity to repurpose clotrimazole derivatives for therapeutic intervention against human-
pathogenic arenaviruses.

IMPORTANCE Emerging human-pathogenic arenaviruses are causative agents of se-
vere hemorrhagic fevers with high mortality and represent serious public health
problems. The current lack of a licensed vaccine and the limited treatment options
makes the development of novel antiarenaviral therapeutics an urgent need. Using a
recombinant pseudotype platform, we uncovered that clotrimazole drugs, in particu-
lar TRAM-34, specifically inhibit cell entry of a range of arenaviruses, including im-
portant emerging human pathogens, with the exception of Lassa virus. The antiviral
effect was independent of the known pharmacological drug target and involved in-
hibition of the unusual membrane fusion mechanism of arenaviruses. TRAM-34 and
its derivatives currently undergo evaluation against a number of human diseases
and show favorable toxicity profiles and high stability in vivo. Our study provides the
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basis for further evaluation of clotrimazole derivatives as antiviral drug candidates.
Their advanced stage of drug development will facilitate repurposing for therapeutic
intervention against human-pathogenic arenaviruses.

KEYWORDS antiviral agents, arenavirus, emerging virus, fusion inhibitor, viral entry,
viral fusion, viral hemorrhagic fever

ammalian arenaviruses are a large family of emerging enveloped negative-strand

viruses divided into two major groups, the Old World and the New World
arenaviruses. The Old World group includes the prototypic lymphocytic choriomenin-
gitis virus (LCMV) that is a relevant human pathogen in transplantation and pediatric
medicine (1, 2). The highly pathogenic Lassa virus (LASV) causes a severe viral hemor-
rhagic fever with high mortality in Western Africa (3). Lujo virus (LUJV) emerged in 2008
in Southern Africa and was associated with a cluster of fatal human hemorrhagic fever
cases (4). The New World arenaviruses are organized into four clades, A, B, C, and D (5).
The highly pathogenic South American hemorrhagic fever viruses Junin (JUNV), Mach-
upo (MACV), Guanarito (GTOV), Sabia virus (SABV), and Chapare virus (CHAV) belong to
clade B and group with closely related nonpathogenic viruses, including Tacaribe
(TCRV) and Amapeari virus (AMPV). New World viruses of clade A and C have so far not
been associated with human disease, whereas the disease potential of clade D viruses
remains unclear (5). Human infection with pathogenic arenaviruses occurs mainly via
reservoir-to-human transmission by inhalation of aerosolized rodent excreta, skin abra-
sions, or ingestion of contaminated food (5, 6). After initial multiplication at the site of
entry, the virus disseminates systemically in severe infection, and serum viral load is
predictive for disease outcome (7, 8). Due to their transmissibility via aerosol (9) and
high lethality, hemorrhagic arenaviruses are considered category A select agents by the
Centers for Disease Control (10). The current lack of a licensed vaccine and limited
treatment options make the development of novel antiviral therapeutics an urgent
need.

Arenaviruses are characterized by a nonlytic life cycle confined to the cytosol (11).
Their genome is comprised of two RNA segments with ambisense coding strategy. A
small (S) RNA of 3.4 kb encodes the envelope glycoprotein precursor (GPC) and the
nucleoprotein (NP). The large (L) segment (7.2 kb) encodes the matrix protein (Z) and
the viral RNA-dependent RNA polymerase L. The envelope GPC precursor undergoes
processing, by signal peptidases and by the proprotein-convertase subtilisin kexin
isozyme-1/site-1 protease (SKI-1/S1P) to yield an unusually stable signal peptide (SSP),
an N-terminal GP1 moiety, and the membrane-anchored GP2 (12). The mature arena-
virus envelope GP in its metastable prefusion conformation forms a trimer of SSP/GP1/
GP2 heterotrimers (12-15). The GP1 subunit binds to cellular receptors and defines viral
tropism (16, 17), whereas GP2 drives viral membrane fusion. The receptor for Old World
and clade C New World arenaviruses is the extracellular matrix receptor dystroglycan
(DG) (18, 19), whereas LUJV uses the semaphorin receptor neuropilin 2 (NRP2) (20). The
clade B New World arenaviruses use cargo receptor transferrin receptor 1 (TfR1).
Human-pathogenic arenaviruses recognize the human TfR1 form, linking receptor
specificity to human disease potential (21-23). In addition, cell surface receptors of the
T-cell immunoglobulin and mucin receptor (TIM) and Tyro3/Axl/Mer (TAM) families, as
well as C-type lectins such as DC-SIGN, can contribute to arenavirus entry, in particular
in the absence of the main receptors (24-27). After receptor-mediated endocytosis,
arenaviruses are delivered to late endosomes (28), where a low pH triggers fusion (29).
The transmembrane GP2 undergoes low-pH-induced conformational changes, includ-
ing the transition of the metastable prefusion state, to an energetically favorable
postfusion state with a six-helix bundle architecture reminiscent of other class | viral
fusion proteins (30, 31). The triggering of LASV and LUJV fusion critically depends on
the late endosomal proteins lysosome-associated membrane protein 1 (LAMP-1) and
CD63, respectively, which act as intracellular entry factors (20, 32).

Considering the correlation between viral load early in infection and disease out-
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come in human arenavirus hemorrhagic fevers (7, 8), drugs targeting viral entry may
limit viral dissemination, providing the patient’s immune system a window to develop
an antiviral immune response to control infection. A challenge for the development of
direct antiviral agents against arenaviruses is the still limited structural information
available. However, as arenaviruses critically depend on the cellular machinery for host
cell invasion, the identification of “druggable” cellular factors required for productive
viral infection appears as promising complementary strategy. This is illustrated by the
identification of voltage-gated calcium channels (VGCC) as novel arenavirus entry
factors in a recent RNAi silencing screen (33). The development of antiarenaviral drugs
“from scratch” is a daunting task, in particular considering the limited resources at hand.
Clinically approved drugs or advanced drug candidates against other human diseases
may be repurposed for antiviral intervention. This is highlighted by the therapeutic
efficacy of clinically approved VGCC inhibitors against JUNV (33), providing proof-of-
concept.

lon channels represent a major class of drug targets implicated in a plethora of
human disorders. Inspired by the identification of VGCC as novel targets for antiare-
naviral intervention (33), we sought to identify other ion channels as possible candi-
dates for arenavirus entry. Our search criteria included tissue-specific expression pat-
tern matching arenaviral tropism, implication in infection with other intracellular
pathogens, and availability of specific inhibitors at advanced stages of drug develop-
ment. The intermediate conductance calcium-activated potassium channel KCa3.1,
encoded by the gene KCNN4, consists of six transmembrane domains that form
heterotetramers, which regulate efflux of potassium ions. In humans, KCa3.1 channels
are expressed in major cell types infected by arenaviruses during early infection,
including epithelial cells, endothelial cells, and different immune cells (34-38). KCa3.1
has been evaluated as a drug target for important human diseases, including sickle cell
anemia (39), vascular disease (40), obliterative airway disease (41), and malaria, which
is caused by infection with the intracellular parasite Plasmodium (42). Considering the
therapeutic promise of KCa3.1 channels, several peptide-based and small molecule
inhibitors have been developed (34). The best characterized among them are clotrim-
azole {1-[(2-chlorophenyl) diphenylmethyl]-1H-imidazole} and its derivatives TRAM-34
[1-[(2-chlorophenyl) diphenylmethyll-1H-pyrazole] (43), and ICA-17043 [senicapoc; 2,2-
bis(4-fluorophenyl)-2-phenylacetamide] (44). TRAM-34 and senicapoc block KCa3.1 with
a 50% inhibitory concentration (IC5,) of 11 to 25 nM and show >200-fold selectivity
over other potassium, calcium, sodium, and chloride channels (34). The low ICs,
favorable toxicity profile, and exquisite specificity (34, 39, 45) made TRAM-34 a powerful
molecular probe to uncover a possible role of KCa3.1 channels in viral entry. Using
a recombinant vesicular stomatitis virus (VSV) pseudotype platform, we screened
TRAM-34 against a range of emerging enveloped viruses and found that the drug
specifically inhibits cell entry of arenaviruses. The antiviral effect was independent of its
pharmacological target KCa3.1 but critically depended on the triarylmethane backbone
of the drug. TRAM-34 neither affected virus-receptor binding nor endocytosis but
specifically blocked arenavirus fusion. In sum, we reveal a novel and unexpected
antiarenaviral action of clotrimazoles, opening the possibility to repurpose these drugs
for therapeutic intervention.

RESULTS

The clotrimazole-derivative TRAM-34 inhibits infection with pseudotype vi-
ruses containing the envelope glycoproteins of various arenaviruses. A major
challenge for the evaluation of candidate drug compounds against highly pathogenic
emerging viruses are the strict biosafety requirements that limit work with these
pathogens to BSL4 facilities. By the process of pseudotyping, viral glycoproteins
provided in trans can be incorporated into recombinant vesicular stomatitis virus in
which the glycoprotein gene (G) was deleted (r'VSVAG) and replaced with reporter
genes, such as enhanced green fluorescent protein (EGFP) and luciferase (Luc) (46). The
resulting “VSV pseudotypes” are replication competent but unable to propagate,
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FIG 1 Recombinant VSV vectors pseudotyped with GPs of emerging viruses. (A) Pseudotype production.
HEK 293F cells were transfected with an expression plasmid encoding the recombinant viral GP of
interest. Transfected cells were infected with replication-competent recombinant VSVAGluc*GFP+ pseu-
dotypes that contains a luciferase and EGFP reporter and lack the ORF for endogenous VSV G. Efficient
entry was mediated by recombinant VSV G (GPVSV) in the envelope of the pseudotypes. Virus
production in the presence of a neutralizing MAb to VSV G (aVSVG MAb) efficiently neutralized
residual GPVSVVSVAGluc*GFP* and specifically yielded VSVAGluc*GFP* pseudotypes decorated with
the heterologous GP of interest (GP™"t) provided in trans. (B) Pseudotype infection. Monolayers of A549
cells were infected with serial dilutions of VSVAGluc*GFP+ pseudotypes bearing VSV G, followed by
detection of the EGFP reporter by direct fluorescence microscopy after 24 h. Nuclei stained with NucBlue
appear in blue. Scale bar, 100 um. (C) Quantification of pseudotype infection with luciferase. Cells
infected as in panel B were subjected to luciferase assay after 24 h as detailed in Materials and Methods.
The data are means of relative luminescence units (RLU) + the standard deviations (SD; n = 3). Please
note the correlation between GFP-positive cells in panel B and the luciferase signal in panel C.

making them suitable for work under BSL2 conditions (Fig. 1A). Since virus cell
attachment and entry are mediated exclusively by the viral envelope proteins, these
VSV pseudotypes represent powerful BSL2 surrogates to evaluate candidate viral entry
drugs (47). For our purposes, we generated recombinant VSV pseudoparticles bearing
the GPs of the Old World arenavirus LCMV (isolate ARM53b clone-13), LASV, LUJV, the
South American clade B hemorrhagic fever viruses MACV and GTOV, the nonpatho-
genic clade B New World arenaviruses AMPV and TCRV, and the clade D New World
virus Tamiami (TAMV). We further generated VSV pseudotypes bearing the GPs of the
filovirus Ebola (EBOV), the Orthohantaviruses Hantaan (HTNV) and Andes (ANDV), as
well as VSV. Depending on the heterologous viral GP provided in trans, pseudotyping
may occur rather inefficiently, resulting in unfavorable signal/background ratios due to
the presence of residual VSV G in the production system (Fig. 1A). To optimize the
experimental window of our system, rVSV pseudotypes were produced in the presence
of the potent neutralizing anti-VSV G MAb I-1 (48), resulting in virtually negligible
background. Using this approach, rVSV pseudoparticles were produced with high
efficiency, yielding robust specific titers (10> to 108 PFU/ml). Serial dilutions of pseu-
dotypes were added to fresh monolayers of human lung epithelial A549 cells and
infection assessed by direct fluorescence microscopy scoring EGFP-expressing cells (Fig.
1B). Measurement of luciferase activity in parallel specimens revealed a robust corre-
lation between the number of EGFP-expressing cells and luminescence levels (Fig. 10),
allowing the use of the luciferase reporter to quantify infection in a semi-high-
throughput assay format.

Since many emerging human-pathogenic viruses are transmitted via aerosols (10),
we used A549 human lung epithelial cells that express KCa3.1 channels as a suitable
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model. To minimize the duration of drug exposure and unwanted off-target effects, we
performed a previously established drug washout assay (49) (Fig. 2A). Briefly, confluent
monolayers of A549 cells were pretreated for 30 min with the drug, followed by
infection with VSV pseudotypes at low multiplicity (multiplicity of infection [MOI] =
0.05) in the presence of drug. After 90 min, the drug was washed out using medium
supplemented with 20 mM the lysosomotropic agent ammonium chloride. When
added to cells, ammonium chloride raises the endosomal pH instantly and blocks low
pH-dependent endosomal escape of viruses, without causing overall cytotoxicity (50,
51). To exclude possible toxicity of TRAM-34, we measured intracellular ATP levels of
cells treated with increasing drug concentrations using CellTiter-Glo assay and ob-
served no significant effect on A549 cell viability with up to 100 uM TRAM-34 (Fig. 2B),
in line with published data (34). TRAM-34 blocked infection with most arenavirus VSV
pseudotypes at low micromolar concentration in a dose-dependent manner, including
MACV, GTOV, AMPV, TCRV, LCMV, LUJV, and TAMV (Fig. 2Q). In contrast, LASV pseu-
dotypes seemed relatively resistant against the drug (Fig. 2C). At concentrations up to
20 uM, TRAM-34 showed no activity against pseudotypes of HTNV, ANDV, EBOV, and
VSV, indicating specificity against arenaviruses (Fig. 2C). We validated the inhibition of
selected arenavirus pseudotypes with TRAM-34 in human cervix epithelial (HeLa) cells
and observed comparable specific inhibition (Fig. 2D).

The TRAM-34-sensitive arenaviruses included pathogenic clade B viruses (Fig. 2C)
that use human TfR1 and clathrin-mediated endocytosis for cell entry (21, 52, 53). We
therefore tested whether TRAM-34 affected the endogenous function of TfR1 as a cargo
receptor, monitoring internalization of fluorescent-labeled human transferrin in Hela
cells in presence and absence of drug using flow cytometry (Fig. 2E). In contrast to the
robust inhibition of clade B arenavirus pseudotype infection (Fig. 2C), TRAM-34 had no
significant effect on transferrin uptake via clathrin-mediated endocytosis, suggesting a
specific antiviral effect of the drug without general perturbation of endocytosis
(Fig. 2E).

TRAM-34 inhibits arenavirus entry, but not later infection steps. To validate the
antiviral effect of TRAM-34 against authentic virus, we chose live TCRV as well-
established BSL2 model for New World arenaviruses. TCRV belongs to the clade B New
World arenaviruses, where it groups in the same sublineage together with the highly
pathogenic JUNV and MACV. Despite this close phylogenetic relationship, TCRV causes
only mild self-limiting febrile illness in humans and can be handled at BSL2 (5). Briefly,
A549 cells were pretreated for 30 min with the inhibitor, followed by infection with
TCRV at low multiplicity (MOl = 0.01) in the presence of drug (Fig. 3A). After 1 h, the
drug was washed out using medium supplemented with 20 mM ammonium chloride to
prevent secondary infection. After 16 h, cells were fixed and productive infection
quantified by detection of TCRV NP by immunofluorescence assay (IFA) using a specific
monoclonal antibody (MAb). Consistent with the pseudotype data, TRAM-34 reduced
infection of live TCRV in a dose-dependent manner (Fig. 3B). To validate cell entry as the
main target of TRAM-34, we performed “time-of-addition” experiments with live virus
(Fig. 3B). Consistent with the pseudotype data, the inhibitor was only active against
TCRV when added before or during infection, but it had little effect at later time points
postentry (Fig. 3B), confirming that TRAM-34 specifically inhibits arenavirus entry but
not later steps of the viral infection cycle. To assess possible effects of TRAM-34 on virus
propagation and infectious virus production, monolayers of A549 cells were pretreated
with TRAM-34, followed by infection with TCRV, recombinant LCMV, and a recombinant
LCMV expressing LASV GP (rLCMV-LASVGP), whose cellular tropism closely resembles
authentic LASV (24, 54, 55) at low multiplicity. For comparison, we included 5-(N-ethyl-
N-isopropyl)-amiloride (EIPA) that blocks sodium proton exchangers (56, 57) and is a
potent inhibitor of cell entry of the Old World arenaviruses LCMV and LASV (58). In
addition, we included the specific SKI-1/S1P inhibitor PF429242 that blocks arenavirus
GPC processing and prevents production of infectious virus from infected cells (59, 60).
As shown in Fig. 3C, TRAM-34 reduced infectious virus production for TCRV and LCMV,
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FIG 2 The clotrimazole derivative TRAM-34 inhibits arenavirus pseudotype infection. (A) Schema of the entry assay. For details, please see the text. LE, late
endosome. (B) TRAM-34 shows no overt toxicity up to 100 wM. Monolayers of A549 cells were treated with the indicated concentrations of TRAM-34 under the
assay condition (A). After 24 h, intracellular ATP levels were detected using a CellTiter-Glo assay as detailed in Materials and Methods. The data are means of
RLU + the SD (n = 3). Please note the negligible reduction in cellular ATP levels after exposure to up to 100 uM drug. (C) Infection of several arenavirus VSV
pseudotypes is specifically inhibited by TRAM-34. Monolayers of A549 cells were pretreated with increasing concentrations of TRAM-34 or DMSO vehicle alone
(D) for 30 min, followed by infection with the indicated VSV pseudotype viruses at an MOI of 0.05 in the presence of drug. After 1.5 h, cells were washed three
times with medium supplemented with 20 mM ammonium chloride, followed by 16 h of incubation in the presence of the lysosomotropic agent. Infection was
detected by luciferase assay as in (Fig. 1C). The data are means of RLU + the SD (n = 3). (D) Validation of selected pseudotypes in HelLa cells. Monolayers of
Hela cells were pretreated with increasing concentrations of TRAM-34, followed by infection with the indicated VSV pseudotype viruses at an MOI of 0.01 in
the presence of drug. Infection was determined by counting EGFP+ infected cells. The data are means + the SD (n = 3). (E) TRAM-34 does not interfere with
the endogenous function of TfR1. Monolayers of Hela cells were pretreated or not (NT) with 20 uM TRAM-34 for 30 min. Cells were then incubated in the
presence of 20 ug/ml Alexa 488-conjugated transferrin for 20 min. To quantify transferrin uptake, cells were detached by trypsin and single cells suspensions
subjected to trypan blue treatment in order to quench the cell surface fluorescence. Intracellular transferrin was quantified by flow cytometry. The data are the
mean fluorescence intensities of three biological replicates, with the means indicated.
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FIG 3 TRAM-34 inhibits arenavirus entry. (A) TRAM-34 inhibits infection with live TCRV. A549 cells were pretreated with TRAM-34 at increasing
concentrations for 30 min, followed by infection with TCRV at 200 PFU/well in the presence of drug. After 1 h, cells were washed three times with
medium containing 20 mM ammonium chloride, followed by 16 h of incubation in the presence of the lysosomotropic agent. After 16 h of
incubation in the presence of ammonium chloride, cells were fixed and infection detected by IFA using a specific MAb to TCRV NP, combined
with a Alexa 488-conjugated secondary antibody. Infection was quantified by counting infected cells per well considering cell doublets as single
infection events. The data are means + the SD (n = 3). (B) Time-of-addition experiment. A549 cells were infected with TCRV (200 PFU/well), and
TRAM-34 was added at different time points pre- or postinfection at 20 uM. Virus was added at time point 0, followed by washing and the addition
of ammonium chloride after 1 h. Ammonium chloride was kept throughout the experiment, and the cells were subjected to IFA after 16 h as
described in panel A. (C) Monolayers of A549 cells were pretreated with TRAM-34 (40 uM), EIPA (20 uM), PF429242 (20 M), or DMSO control for
30 min, followed by infection with TCRV, rLCMV, and rLCMV-LASVGP at low multiplicity (MOl = 0.01). At the indicated time points, the virus titers
in the conditioned cell culture supernatant were determined by an immunofocus assay with a detection limit of 20 PFU/ml (dashed lines). The
data are means = the SD (n = 3). (D) Cell toxicity of drugs was assessed after 48 h by the CellTiter-Glo assay. The data are means + the SD (n = 3).

but not rLCMV-LASVGP, in line with the pseudotype data (Fig. 2C and D). As expected,
the entry inhibitors TRAM-34 and EIPA were less potent inhibitors of infectious virus
production than the SKI-1/S1P inhibitor that blocks a late step in viral infection and
efficiently prevents release of infectious virus progeny from infected cells (58-60). None
of the drugs showed significant toxicity at the concentrations used (Fig. 3D).

Resistance of LASV GP against TRAM-34 is independent of LAMP-1. All arena-
virus GP pseudotypes tested so far were sensitive to TRAM-34, with the notable
exception of LASV pseudotypes (Fig. 2C and D). This was rather unexpected since the
GPs of LASV and LCMV are structurally and functionally closely related (13, 14). To
exclude an artifact of our VSV-based pseudotype system, we validated the dose-
response characteristic for TRAM-34 against LCMV and rLCMV-LASVGP. As observed
with the pseudotypes, TRAM-34 specifically inhibited infection with LCMV, but not
rLCMV-LASVGP (Fig. 4A), mapping drug resistance to LASV GP.

The data at hand suggested that a particular feature of LASV GP-mediated cell entry
not shared with other arenaviruses may confer resistance. Both LASV and LCMV attach
to A549 cells via the high-affinity receptor DG, followed by internalization via macropi-
nocytosis (58). However, in contrast to LCMV, cell entry of LASV critically depends on
the endosomal resident protein LAMP-1 as a late endosomal entry factor (32). Following
delivery to late endosomes, low pH destabilizes the high-affinity interaction between
LASV GP1 and DG, resulting in a “receptor switch” and GP1 engagement of LAMP-1,
which triggers membrane fusion. Structural and functional studies revealed a stable
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FIG 4 Resistance of LASV GP against TRAM-34 is independent of LAMP-1. (A) Specific inhibition of rLCMV-LASVGP infection by TRAM-34.
A549 cells were pretreated with TRAM-34 at increasing concentrations for 30 min, followed by infection with rLCMV-LASVGP and LCMV
clone-13 at 200 PFU/well in the presence of drug. After 1.5 h, the cells were washed, and medium containing 20 mM ammonium chloride
was added. After 16 h, cells were fixed and infection detected by IFA using a specific MAb to LCMV NP, combined with an Alexa
488-conjugated secondary antibody. Infection was quantified as in Fig. 3B, and data are means + the SD (n = 3). (B) Generation of LAMP-1
null A549 cells. LAMP-1 was deleted from A549 cells by CRISPR/Cas9 technology as detailed in Materials and Methods, and depletion was
verified by IFA with an anti-LAMP-1 antibody, combined with a rhodamine red-conjugated secondary antibody. Nuclei stained with DAPI
appear in blue. Scale bar, 20 um. (C) rVSVAG-LASVGP infection of A549 cells depends on LAMP-1. (B) LAMP-1 null and control A549 cells
were infected with rVSVAG-LASVGP and rVSVAG-VSVG at 200 PFU/well for 1 h. Infection was detected by direct fluorescence detection
of the EGFP reporter as in Fig. 1B. The data are means + the SD (n = 3). (D) LAMP-1-independent LASV cell entry is resistant to TRAM-34.
LAMP-1 null A549 cells were pretreated with TRAM-34 (20 uM) or solvent control (DMSO), followed by infection with rVSVAG-LASVGP
(LASV), rVSVAG-MACVGP (MACV), and rVSVAG-VSVG (VSV). Infection was detected by luciferase assay and the control (DMSO) set at 100%.
The data are means + the SD (n = 3). (E) The LAMP-1-independent LASV GP mutant H230E is TRAM-34 resistant. A549 cells were
pretreated with TRAM-34 (20 uM) or solvent control (DMSO), followed by infection with the indicated VSV pseudotypes and infection
assessed as in panel D. The data are means + the SD (n = 3).

“low pH conformation” of LASV GP1 containing a triad of histidine residues, which
orchestrates fusion activity of LASV GP with the timing and location of the receptor
switch (61-63). Membrane fusion triggering by LAMP-1 allows LASV to exit from earlier,
less acidic endosomal compartments, avoiding prolonged exposure to the hostile
environment (64). The capacity to use LAMP-1 as an endosomal entry factor is unique
for LASV (65). We therefore hypothesized that resistance of LASV GP-mediated entry to
TRAM-34 may be linked to LASV's capacity to use LAMP-1 for fusion triggering. To test
this possibility, we assessed the effect of TRAM-34 on LAMP-1-independent LASV entry.
To this end, we depleted LAMP-1 from A549 cells using CRISPR/Cas9 technology, as
detailed in Materials and Methods, and validated the LAMP-1 null phenotype by IFA
(Fig. 4B). As expected, LAMP-1 null A549 cells showed markedly reduced susceptibility
to LASV pseudotypes but still allowed significant LAMP-1-independent entry (Fig. 4Q),
as reported previously (64). The amount of virus infection observed in LAMP-1 null cells
was sufficiently high to address a possible effect of TRAM-34 on LAMP-1-independent
LASV entry. Similar to the situation in wild-type cells (Fig. 2A), TRAM-34 did not affect
LAMP-1-independent infection of LASV pseudotypes (Fig. 4D). In a complementary
approach, we used the LASV GP mutant H230E that bears a negative charge within the
histidine triad, resulting in LAMP-1-independent fusion at higher pH (63). Like the wild
type, pseudotypes bearing LASV GP H230E showed resistance to TRAM-34 (Fig. 4E). This
indicates that the specific resistance of LASV GP to TRAM-34 was independent of
LAMP-1-facilitated triggering of membrane fusion.
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FIG 5 The antiviral effect of TRAM-34 is independent of its cellular target KCa3.1. (A) Structures of TRAM-34, clotrimazole, senicapoc, and NS6180. (B)
Dose-response characteristics of candidate drugs against VSV pseudotypes displaying MACV GP or VSV G. Monolayers of A549 cells were pretreated with
increasing drug concentrations for 30 min, followed by infection with the indicated pseudotypes and detection of infection as in Fig. 2B. (C) Apparent IC, of
the tested drugs against MACV pseudotypes calculated from panel B compared to the reported IC,, against the pharmacological drug target KCa3.1. Please
note that the antiviral activity of drugs does not correlate with their published target-specific efficacy. (D) Deletion of KCa3.1 does not affect infection with MACV
pseudotypes. Wild-type (WT) and KCa3.1 null HeLa cells were pretreated with TRAM-34 (20 uM) or solvent control (DMSO) and infected with the indicated VSV

pseudotypes as in Fig. 2B. Infection was detected by direct fluorescence detection of the EGFP and the control (DMSO) set at 100%. The data are means + the
SD (n = 3).

The antiviral effect of TRAM-34 is independent of its cellular target KCa3.1.
Next, we investigated if the observed specific inhibition of arenavirus cell entry was due
to a direct effect of TRAM-34 on its pharmacological target KCa3.1. In a first approach,
we compared the dose-response curves of TRAM-34 against susceptible MACV pseu-
dotypes to the parental compound clotrimazole and the optimized TRAM-34-derivative
senicapoc (Fig. 5A). TRAM-34 has an IC,, for KCa3.1 of 20 nM, whereas senicapoc
inhibits the channel with IC;, of 11 nM (34). In addition, we included the structurally
unrelated specific KCa3.1 inhibitor NS6180 with an ICs, of 14 nM (66) (Fig. 5A). To
exclude unspecific off-target effects of the drugs, we included VSV G pseudotypes,
whose entry was not affected by any of the drugs tested, as a control. Both
clotrimazole and senicapoc showed antiviral activity, albeit weaker than TRAM-34.
In contrast, the KCa3.1 inhibitor NS6180 showed only weak activity against MACV
pseudotypes with an IC;, of >150 uM (Fig. 5B). Comparing the apparent IC,, of the
inhibitors against the virus and KCa3.1, we noted an apparent discrepancy between
the reported on-target drug effects and antiviral activities (Fig. 5C). This gave a first
hint that the observed antiviral effect may not be related directly to the known

March 2019 Volume 93 Issue 6 e01744-18 jviasm.org 9


https://jvi.asm.org

Torriani et al.

Extracellular: Biotin-S{S-

A TCEP% B LCMV uptake in A549 cells +/- TRAM-34

cleavage of biotin label by TCEP DMSO TRAM-34 (40 pM)
- 7 m
e [ TCER. - .
e e L
\ -S15- iotr\
// / *' ~ \\\ // \ GP2- s &
/ \ =S \ T — - . G 8

[ \ \
[ -S-S-Biotin
\ \ / Time(min) 0 2 5 1015 0 2 5 10 15

v Intracellular: /
biotin label protected from TCEP /

FIG 6 TRAM-34 affects neither virus-cell attachment nor endocytosis. (A) Schematic of the virus internalization assay (for
details, please see text). (B) TRAM-34 does not affect virus-cell attachment and viral uptake. A549 cells were chilled on ice
and incubated with biotin-S-S-labeled LCMV clone-13 (50 particles/cell) for 1 h in the cold. Unbound virus was removed
and cells shifted to 37°C. After the indicated time points, cells were chilled on ice and treated with TCEP (+TCEP) or
reaction buffer only (-TCEP). After quenching of residual TCEP, the cells were lysed, and the viral GP was isolated by IP with
MAb 83.6 to LCMV GP2. Biotinylated GP2 was detected with streptavidin-HRP by Western blotting under nonreducing
conditions using enhanced chemiluminescence (ECL). The upper blot (+TCEP) was exposed for 5 min; the lower blot
(-TCEP) was exposed for 30s.

pharmacological drug action. In a complementary approach, we therefore deleted
the KCa3.1 channel from susceptible Hela cells using CRISPR/Cas9 technology as
described in Materials and Methods. Deletion of the channel showed only mild
effects on cell viability and division rates. When infected with arenavirus pseu-
dotypes, KCa3.1 null cells showed similar susceptibility than the wild type (Fig. 5D),
suggesting a novel yet unknown anti-arenaviral effect by clotrimazoles. Moreover,
the inhibitory effect of TRAM-34 occurred in KCa3.1 null and wild-type control cells
to a similar extent (Fig. 5D).

TRAM-34 inhibits arenavirus GP fusion. Arenavirus entry is a complex, multistep
process. We therefore tried to discern effects of TRAM-34 on virus attachment and endo-
cytosis from later steps of viral entry. For this purpose, we used a well-established virus
uptake assay developed originally by the Helenius laboratory that allows tracking of early
steps of virus attachment and internalization (67-69). In this assay format, purified LCMV
was labeled with the thiol-cleavable reagent NHS-SS-biotin, resulting in a biotin label
sensitive to reducing agents that does not affect infectivity (Fig. 6A). Treatment with the
membrane-impermeable reducing agent Tris(2-carboxyethyl)phosphine (TCEP) in the cold
specifically cleaves the biotin label from virus exposed to the extracellular space,
whereas the biotin label on internalized virus particles becomes resistant and can be
detected using streptavidin (Fig. 6A). Monolayers of A549 cells were pretreated with
TRAM-34 for 30 min at 37°C, chilled on ice, and incubated with biotin-labeled LCMV
clone-13 (50 particles/cell) in the presence of drug for 1 h in the cold. Unbound virus
was removed, and cells were rapidly shifted to 37°C, adding prewarmed medium
containing drug. After the indicated time points, the cells were chilled on ice, followed
by treatment with TCEP or reaction buffer in the cold. After quenching of residual TCEP
with iodoacetamide, the cells were lysed, and the total viral GP2 was isolated via
immunoprecipitation (IP) with MAb 83.6 as described previously (70). Immunocom-
plexes were separated by SDS-PAGE, and biotinylated GP2 was detected by Western
blotting under nonreducing conditions using horseradish peroxidase (HRP)-conjugated
streptavidin. In specimens treated with reaction buffer only, we observed similar virus
binding to A549 cells in the presence or absence or TRAM-34, excluding blocking of
receptor binding by the drug (Fig. 6B). In cells treated with TCEP, the kinetics of virus
internalization was unaffected by the drug (Fig. 6B), indicating that TRAM-34 does not
interfere with endocytosis.

Since the data suggested that TRAM-34 targets a later viral entry step, we assessed
a possible effect of the drug on arenavirus fusion using a quantitative split luciferase-
based fusion assay, schematically shown in Fig. 7A. In this assay format, LCMV and
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FIG 7 TRAM-34 inhibits low-pH-induced arenavirus GP fusion. (A) Schematic of the split nanoluciferase-based quantitative
fusion assay based on NanoLuc Binary Technology (NanoBiT). Different cell populations were transfected with MACV or
LCMV clone-13 GPC, together with pRRL-RFP-P2A-HiBiT or MACV or LCMV clone-13 GPC in combination with pRRL-GFP-
P2A-LgBiT. After coculture for 24 h, the cells were treated with 20 M TRAM-34 or DMSO control, and fusion was induced
at the cell surface by lowering the medium pH (5.0) in the presence of drugs for 20 min. Acidified medium was removed,
and fresh medium was added, followed by incubation for 16 h at 37°C. The nanoluciferase signal was detected by Nano-Glo
live cell assay. (B) Example of a split nanoluciferase fusion assay in presence or absence of transfected GP and treatment
with 20 wM TRAM-34 or DMSO. Please note that syncytium formation occurred only in the presence of expressed GP and
in the absence of TRAM-34. Scale bar, 100 um. (C) TRAM-34 inhibits membrane fusion mediated by recombinant MACV and
LCMV GP. Cells were cotransfected with the indicated arenavirus GP and the NanoBiT plasmids as in panel A. Low pH fusion
was induced in the presence of 20 uM TRAM-34 (T) or DMSO control (D) and the luciferase activity quantified by Nano-Glo
Live Cell assay. The results are RLU normalized to the control (pH 7) and are means + the SD (n = 3).

MACV GPC were cotransfected into cells expressing either of the two halves of a split
nanoluciferase reporter (LgBiT and HiBiT; NanoBit technology, Promega). Both frag-
ments were expressed in combination with GFP or red fluorescent protein (RFP),
respectively, by using a “P2A” approach, which is based on a “self-cleaving” small
peptide originally discovered in picornaviruses. After successful transfection, verified by
detection of GFP and RFP in live cells, the two cell populations were cocultured,
resulting in a mosaic of GP/LgBiT/GFP and GP/HiBiT/RFP cells. Arenavirus GP-mediated
fusion was induced at the cell surface by treatment with low-pH buffer (pH 5.0)
mimicking late endosomal conditions, as described previously (71). Exposure of arena-
virus GP-transfected cells to low pH triggered extensive syncytium formation that was
abolished by the presence of TRAM-34 (Fig. 7B). Quantification of fusion using the split
nanoluciferase reporter revealed specific inhibition of cell-cell fusion mediated by
MACV GP and LCMV GP by TRAM-34 (Fig. 7C). In sum, the data indicate that TRAM-34
specifically inhibits arenavirus fusion, revealing a novel and unexpected mechanism of
antiviral action of clotrimazole drugs.
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DISCUSSION

Over the past years, broad-spectrum antiviral agents such as ribavirin (5, 72) and
favipiravir (73, 74) were successfully evaluated against major human-pathogenic are-
naviruses and ribavirin is currently used in the clinic to treat human Lassa fever.
However, considering the virulence and high mutation rates of human-pathogenic
emerging arenaviruses, monotherapy has its limitations. Cocktails of antiviral drugs that
target different steps of the viral life cycle appear as a promising strategy to limit viral
multiplication and lower the risk of emergence of drug resistance. Targeting viral entry
of highly pathogenic arenaviruses allows blocking the pathogen before it can take
control of the host cell and blunt innate and adaptive antiviral defenses. The advent of
arenavirus reverse genetics and recombinant pseudotype platforms allowed successful
screening of small molecule libraries for entry inhibitors. These screens identified a
panel of potent direct antiviral agents that target predominantly viral entry and show
distinct specificities among arenaviruses (71, 75-81). A complementary approach in-
volves the identification of cellular factors required for productive viral entry and their
evaluation as antiviral drug targets. Among these candidate cellular factors, kinases,
proteases, and ion channels that are already under evaluation as drug targets for the
therapeutic intervention in other human disease are of particular interest, allowing
repurposing existing drugs or drug candidates for antiviral therapy. This is illustrated by
the recent identification of VGCC antagonists as novel entry inhibitors for JUNV (33). To
this end, we employed an optimized VSV pseudotype platform that allowed rapid
generation of a panel of VSV pseudotypes at robust titers, including some emerging
viruses, whose envelope glycoproteins (GPs) are more difficult to incorporate (82, 83).
Using this pseudotype platform, we identified the clotrimazole derivative TRAM-34, a
specific inhibitor of the KCa3.1 channel, as a novel specific arenavirus entry inhibitor.

The synthetic triarylmethane clotrimazole was discovered in the 1970s as an inhib-
itor of fungal cell wall biosynthesis and originally proposed as a broad-spectrum
antifungal drug (84). A remarkable specificity of clotrimazole for KCa3.1 was observed
in patch-clamp studies after the discovery of the channel in 1997 (85). However, its
relatively high toxicity due to cytochrome P450 inhibition limited its clinical use (86).
Considering the potential of KCa3.1 as a drug target (34), clotrimazole analogues
lacking P450-based toxicity were developed, including TRAM-34 and senicapoc. These
drugs combine high potency with a remarkable selectivity (>200-fold) that is unusual
among channel-blocking compounds (34). Their exquisite selectivity prevents pertur-
bation of other voltage-gated potassium, calcium, sodium, and chloride channels, as
well as ligand-gated ion channels, and therefore limits unwanted off-target side effects.
Mice deficient in KCa3.1 show normal overall physiology, reproduction rate, and
immune functions, indicating that even complete blocking of the channel does not
affect viability (87). Moreover, TRAM-34 and senicapoc show favorable pharmacokinet-
ics, long in vivo half-life, and are tolerated well (34, 88). Over the past decade, TRAM-34
and senicapoc have been evaluated in experimental in vitro and in vivo studies against
a range of important human diseases, including sickle cell anemia (39), vascular disease
(40), obliterative airway disease (41), malaria (42), and stroke (45).

To investigate the specific role of KCa3.1 in the observed antiviral effect of clotrima-
zoles, we first compared the antiviral activity of clotrimazole, TRAM-34, and senicapoc
with the structurally unrelated selective KCa3.1 inhibitor NS6180 (66). Similar to the
recent evaluation of clotrimazoles as candidate antimalaria drugs (42), we found no
direct correlation between antiviral potency and on-target efficacy. Deletion of KCa3.1
from susceptible human cells by CRISPR/Cas9 had no effect on the antiviral activity of
clotrimazoles. In sum, this indicated a yet unknown antiviral effect of clotrimazole
derivatives that was apparently independent of the known mechanism-based drug
action, but possibly linked to their unique triarylmethane structure.

Using a specific assay that allows monitoring of early viral entry steps, we were able
to exclude antiviral activity of TRAM-34 at the level of receptor binding and/or endo-
cytosis. This fits with the distinct receptors specificities and endocytotic pathways used
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by the different arenaviruses (18, 20, 21, 52, 53, 58, 89). Despite marked differences in
receptor use and endocytosis, all currently known arenaviruses are delivered to acidi-
fied endosomes, where they undergo low-pH-induced membrane fusion at pH <5.5,
characteristic for late penetrating viruses (90). In contrast to most arenaviruses, entry of
the late-fusing LASV was unaffected, arguing against a general perturbation of late
endosomal compartments. The resistance of LASV to clotrimazoles was not linked to its
capacity to hijack LAMP-1 as late endosomal entry factor. Interestingly, the distantly
related LUJV that hijacks CD63 as a late endosomal entry factor (20) remained sensitive
to TRAM-34, albeit to a lesser degree. To assess a possible effect of TRAM-34 on
arenavirus GP-mediated fusion in the absence of endocytosis, we used a well-
established quantitative split luciferase-based cell-cell fusion assay. We observed spe-
cific inhibition of low-pH-induced fusion of both MACV GP and LCMV GP, pinpointing
arenavirus fusion inhibitors as the actual drug target.

Recent structural studies on the prefusion conformation of arenaviruses revealed
important differences in the architecture of the membrane-proximal fusion machinery
of arenavirus GP2 compared to other class | viral fusion proteins (13, 14). These
structural differences are linked to the particular composition of the mature fusion-
competent SSP/GP1/GP2 trimer and the unusual mechanism of arenavirus fusion (29).
The arenavirus SSP contains two distinct hydrophobic domains (91, 92), with both N
and C termini located in the cytosol and associates noncovalently with the cytoplasmic
domain of GP2 via a zinc-binding domain (93-96). This unique SSP/GP2 interface is
crucial for pH sensing required for arenavirus fusion (97, 98) and represents a preferred
target for several small molecule arenavirus fusion inhibitors (99-101).

The recent evaluation of a candidate small molecule arenavirus fusion inhibitor in a
guinea pig model demonstrated significant protection, providing proof-of-concept
(102). However, the relatively low in vivo stability of many candidate fusion inhibitors
remains currently a limiting factor. To the best of our knowledge, they have so far not
been evaluated in a nonhuman primate challenge model that represents the current
gold standard. In our hands, TRAM-34 blocked arenavirus entry with an IC, of 5 to
20 uM for most arenaviruses. This micromolar IC,, is similar to the potency of ribavirin
(103) and favipiravir (73), the currently most promising antiarenaviral drugs. Consider-
ing its favorable toxicity profile and high in vivo stability, this makes TRAM-34 at this
point a useful experimental drug. However, there is clearly room for improvement and
enhanced potency will be needed prior to evaluation in nonhuman primate models.
Previous structure-activity relationship (SAR) studies aiming at improved on-target
efficacy resulted in collections of clotrimazole derivatives (42). Since the antiviral effect
seems independent of the pharmacological drug target, the SAR profiles against the
viral GP may be different. Our arenavirus pseudotype platform opens the possibility to
rescreen existing collections of small molecule compounds against a panel of arena-
viruses to identify more potent candidate compounds. The large body of existing data
on the toxicity, pharmacokinetics and pharmacodynamics for clotrimazole derivatives
may facilitate repurposing these established drugs, shortcutting some of the time-
consuming and cost-intense steps of human drug development. With this, clotrimazole
derivatives may help to combat human arenavirus infection in postexposure prophy-
laxis and in therapy, combined with already established inhibitors of viral replication
like favipiravir and ribavirin.

MATERIALS AND METHODS

Antibodies and reagents. MAb to TCRV NP has been described (104), as have been MAb 113
anti-LCMV NP (105), MAb 83.6 to LCMV GP2 (106), and MAb I-1 to VSV G (48). Mouse MAb sc-20011
anti-LAMP-1 was from Santa Cruz Biotechnology. Mouse MAb B-5-1-2 anti-a-tubulin was from Sigma-
Aldrich. HRP-conjugated polyclonal goat anti-mouse IgG was from Dako. Fluorescein isothiocyanate-
conjugated goat anti-mouse IgG was from Jackson Immuno Research. The nuclear dye DAPI (4,6'-
diamidino-2-phenylindole) was purchased from Molecular Probes (Eugene, OR). Clotrimazole and
senicapoc were obtained from MedChem Express, TRAM-34 was obtained from Sigma, and NS6180 was
obtained from Alomone. Ammonium chloride (NH,Cl) and EIPA were purchased from Sigma. The
inhibitor PF-429242 has been described previously (107). NucBlue Live ReadyProbes reagent was
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purchased from Thermo Fisher. The CellTiter-Glo luminescent cell viability assay, the One-Glo luciferase
assay system, and the Nano-Glo live cell assay system were obtained from Promega.

Expression plasmids for viral glycoproteins. The following expression plasmids were used: pC-
LCMV GP (LCMV clone-13) (108), pC-LASV GPC strain Josiah (109), pC-JUNV GPC strain XJ13, pC-MACV
GPC strain Carvallo, and pC-GTOV (110). The expression plasmid for the LASV GP mutant H230E was
kindly provided by Ron Diskin (Department of Structural Biology, Weizmann Institute of Science,
Rehovot, Israel). The expression construct pC-TCRV GPC was kindly provided by Juan Carlos de la Torre
(Scripps Research Institute, La Jolla, CA). The plasmid pWRG/HTNV-M (111), encoding the glycoprotein
from Hantaan strain 76-118, was kindly provided by Connie Schmaljohn (USAMRIID, Fort Detrick, MD).
The plasmid pl.18 GPC Andes (112) was provided by Nicole Tischler (Foundacién Ciencia & Vida, Santiago,
Chile). The plasmid pC-EBOV GPC strain Mayinga’'76 was generated at the Spiez Laboratory. The
expression plasmids pRRL-RFP-P2A-HiBiT and pRRL-GFP-P2A-LgBiT used in the fusion assay were gen-
erated at the VetSuisse Faculty, University of Bern, Bern, Switzerland.

Viruses and cell culture. LCMV (clone-13) and TCRV (provided by Juan Carlos de la Torre, Scripps
Research Institute, La Jolla, CA) were grown in BHK-21 cells and viral titers determined as described
previously (113, 114). The generation, growth, and titration of recombinant LCMV ARM53b (provided by
Juan Carlos de la Torre, Scripps Research Institute, La Jolla) and recombinant LCMV ARM53b expressing
the envelope GP of LASV strain Josiah (rLCMV-LASVGP) have been described elsewhere (53, 115).
According to the institutional biosafety guidelines of the Lausanne University Hospital, the chimera
rLCMV-LASVGP is classified as a BSL2 pathogen for use in cell culture. Human lung alveolar epithelial cells
A549, Hela cells, HEK 293T, HEK 293F, and VeroE6 cells were cultured in Dulbecco modified Eagle
medium (DMEM) GlutaMAX (Gibco)-10% (vol/vol) fetal bovine serum (FBS; Amimed), unless stated
otherwise.

Pseudotype virus production. The pseudotype viral system was based on a recombinant VSV in
which the glycoprotein gene (G) has been deleted (rVSVAG) and replaced with genes encoding
enhanced green fluorescent protein (EGFP) and firefly luciferase (Luc) (82). Briefly, HEK 293F cells were
plated in 10-cm dishes at 6 X 10° cells/dish and transiently transfected with plasmids encoding glyco-
proteins of interest using Lipofectamine. After 42 h cells were infected with rVSVAG pseudotypes bearing
VSVG using an MOI of 3 to 5 for 2 h at 37°C. Cells were subsequently washed twice with serum-free
DMEM and incubated with fresh DMEM containing 10% fetal calf serum (FCS) with a neutralizing
anti-VSVG MAb I-1 (conditioned hybridoma supernatant diluted 1:100) in order to lower unspecific
background. After 24 h, the VSV pseudoparticles were collected, divided into aliquots, and stored at
-80°C. Titration of the VSV pseudoviruses was performed by serial dilutions on monolayers of A549 cells.
At 16 h postinfection, EGFP-positive infected cells were counted in order to determine the viral titer.
We obtained pseudoparticles with high efficiency with robust titers from 10° to 108 IFU/ml and low
unspecific background.

Virus infections. Cells were seeded in 96-well tissue culture plates at 2 X 104 cells per well and
grown into confluent monolayers for 16 to 20 h, unless stated otherwise. Cells were treated with drugs
as detailed in the specific experiments, followed by infection with the indicated viruses at the defined
MOI for 1 to 1.5 h at 37°C. Unbound virus was removed, cells washed twice with DMEM supplemented
with 20 mM ammonium chloride where indicated, and fresh medium was added in the presence of the
lysosomotropic agent. Infection of LCMV and rLCMV-LASVGP was quantified by the detection of LCMV
NP using an IFA with MAb 113, as described previously (116). TCRV infection was assessed by IFA using
MADb to TCRV NP. VSV pseudotypes were detected via the EGFP reporter using direct fluorescence or a
luciferase assay as described previously (82, 83). Visualization and counting of EGFP-positive cells were
carried out using an EVOS FLoid cell imaging station (Thermo Fisher). Titers of rLCMV, rLCMV-LASVGP,
and TCRV were determined by using an immunofocus assay as reported earlier (116). Luciferase signals
were detected with the ONE-Glo luciferase assay system (Promega) and a Berthold microplate fluores-
cence reader.

Transferrin uptake assay. Cells were plated in 12-well tissue culture plates for 16 h at 200,000 cells
per well in 1T ml of RPMI (Invitrogen) supplemented with 10% (vol/vol) FBS. Cells were pretreated or not
with 10 uM TRAM-34 for 30 min and then incubated in the presence of 20 ug/ml Alexa 488-conjugated
transferrin (Molecular Probes) for 20 min at 37°C in 5% CO,. Cells were washed with phosphate-buffered
saline (PBS) and pelleted after trypsinization. To quench membrane bound transferrin fluorescence, cells
were resuspended in 0.2% (wt/vol) trypan blue in PBS. Transferrin uptake was quantified by flow
cytometry using a Beckman Coulter FC500 instrument. Data analysis was performed with Kaluza v1.3
software (Beckman Coulter).

Genome editing with CRISPR/Cas9 technology. (i) Generation of KCa3.1 (KCNN4)-deficient
HelLa cells. Single-guide RNAs targeting the early exon of the KCNN4 gene were chosen in the
sgRNA library (117): sgKCNN4.1 (5'-CTG CCC GAG TGC TAC AAG AA-3’) and sgkCNN4.2 (CAT GGT
GCC CGG CAC CAC GT). lentiCRISPR plasmids specific for the KCNN4 gene were created according
to the provided instructions (118). Briefly, oligonucleotides were designed as follows: Forward
5’-CACCGnnnnnnnnnnnnnnnnnnnn-3’ and Reverse-3’-CnnnnnnnnnnnnnnnnnnnnCAA-5’, where the
nnnnnnnnnnnnnnnnnnnn in the forward oligonucleotide corresponds to the 20-bp sgRNA. Oligonucle-
otides were synthesized, phosphorylated, and annealed to form the oligonucleotide complex. The
lentiCRISPR vector was digested with BsmBI and dephosphorylated. Linearized vector was purified, gel
extracted, and ligated to the oligonucleotide complex. The lentiCRISPR vector containing the sgRNA was
then used for production of recombinant lentiviruses, as described previously (119), with the following
modification: pMD.G and pCMVDR8.91 were replaced by pMD2.G and psPAX2, respectively. Hela cells
were infected and selected with the appropriate dose of puromycin (2 ug/ml). Clone isolation was
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performed by limiting dilution in 96-well tissue culture plates. Due to lack of appropriate antibodies, TA
cloning in combination with sequencing was used to validate KCNN4 knock out cells. A TA cloning kit
(Life Technologies, K202020) was used according to the manufacturer’s instructions to sequence DNA
fragment containing the region where Cas9 was guided by a sgRNA.

(ii) Generation of LAMP-1-deficient A549 cells. Two guide RNAs (gRNAs) targeting the second
exon of LAMP-1 were selected using the CRISPR design tool (http://crispr.mit.edu/). Primers for both
strands covering the two cleavage sites (1F, 5'-CAC CGC TGC TGA CGC ACA ATG CAT G-3'; 1R, 5'-AAA
CCA TGC ATT GTG CGT CAG CAG C-3’; 2F, 5'- CAC CGC AAC GGG ACC GCG TGC ATA A-3’; 2R, 5'-AAA
CTT ATG CAC GCG GTC CCG TTG C-3’ [boldfaced letters indicate the complementary Esp3l overhangs])
were annealed to generate a double-stranded oligonucleotide that was cloned into the Esp3l site of a
lentiCRISPR v2 (Addgene, catalog no. 52961). Correct insertion of the two gRNA was confirmed by
sequencing. Each gRNA cloned into the lentiCRISPR v2 vector was cotransfected with psPAX2 (a vector
encoding Gag and Pol from HIV) and pMD2.G (a VSV-G-expressing envelope plasmid) into HEK 293T cells
using Lipofectamine 3000 (Thermo Fisher), in order to generate lentivirus. At 48 h after transfection,
lentiviruses carrying gRNAT and gRNA2 were collected separately and used to simultaneously infect A549
cells for genome editing. At 48 h after infection, 1.5 ug/ml of puromycin (Sigma-Aldrich) was added to
select infected cells, and the samples were kept for 5 days. The resistant population was subsequently
amplified and checked for LAMP-1 knockout by Western blotting. To obtain single-cell-derived clones,
LAMP-1-deficient A549 were plated at 1 cell/ml in a 96-well plate in 250 ul and then grown for 1 month,
refreshing the medium twice a week. Seven clones were selected and amplified, and LAMP-1 deficiency
was verified by Western blotting.

Immunoblotting. For immunoblotting, proteins were separated by SDS-PAGE and transferred to
nitrocellulose. After blocking in 5% (wt/vol) skim milk in PBS, membranes were incubated with 1 to
10 pg/ml primary antibody in 5% (wt/vol) skim milk and PBS overnight at 4°C. After several washes in
PBS-0.1% (wt/vol) Tween 20 (PBST), secondary antibodies coupled to HRP were applied 1: 5,000 in PBST
for 1 h at room temperature. Membranes were developed by enhanced chemiluminescence (ECL) using
a LiteABlot kit (EuroClone). Signals were acquired by ImageQuant LAS 4000Mini (GE Healthcare Life
Sciences) or by exposure to X-ray films. Quantification of Western blots was performed with ImageQuant
TL (GE Healthcare Life Sciences).

Virus internalization assay. LCMV clone-13 was produced in BHK-21 cells and purified over a
renografin gradient as described previously (116). Purified virus was diluted in PBS and labeled with the
thiol-cleavable reagent NHS-SS-biotin (Pierce) as reported (69). The cleavage of the biotin label was
verified by reaction with the membrane-impermeable reducing agent Tris(2-carboxyethyl)phosphine
(TCEP; 10 mM; Pierce) for 30 min, which resulted in a loss of >95% of the biotin label. An
internalization assay was performed as described previously (67). Briefly, 4 X 10> A549 cells were
seeded per well of 6-well tissue culture plates to obtain closed monolayers. Medium was removed,
and cells washed twice with cold Hanks balanced salt solution (HBSS) and chilled on ice for 5 min.
A cold solution containing NHS-SS-biotinylated LCMV (50 particles/cell) in HBSS was added. After
incubation for 1 h on ice, unbound virus was removed, and the cells were washed with cold HBSS.
For internalization, cells were rapidly shifted to 37°C by adding prewarmed complete medium. After
the indicated incubation times, medium was removed and cells chilled on ice. TCEP (15 mM) in
50 mM HEPES (pH 7.5), 150 mM NaCl, 1 mM CaCl,, and 1 mM MgCl, was added (1 ml/well) and
applied twice for 15 min on ice. Cells were washed three times with cold HBSS, and the remaining
TCEP was quenched with 100 mM iodoacetamide in HBSS for 10 min, followed by cell lysis using 1%
(wt/vol) Triton X-100, 0.1% (wt/vol) SDS, 50 mM Tris-HCI (pH 7.5), 150 mM NacCl, 1 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, and protease cOmplete inhibitor (Roche). To cleared lysates, 107 PFU
purified, unlabeled LCMV was added as carrier. LCMV GP2 was isolated by IP using MAb 83.6
anti-LCMV GP2 immobilized on Sepharose 4B as described previously (67). Inmunocomplexes were
separated by nonreducing SDS-PAGE. Biotinylated LCMV GP2 was detected by Western blotting with
HRP-conjugated streptavidin using ECL for detection.

Split nanoluciferase-based quantitative fusion assay. The split nanoluciferase-based quantitative
fusion assay is based on NanoLuc Binary Technology (NanoBiT) from Promega and the plasmids were
optimized and engineered by adding GFP or RFP reporters. On the first day, VeroE6 cells were seeded at
30,000 cells/well in a Costar white clear bottom 96-well tissue culture plates and at 800,000 cells/well in
a M6 plate. After 6 h, cells in 96-well tissue culture plates were transfected with MACV or LCMV clone-13
GPC, together with pRRL-RFP-P2A-HiBiT, and cells in 6-well tissue culture plates were transfected with
MACV or LCMV clone-13 GPC, together with pRRL-GFP-P2A-LgBiT. We used Lipofectamine 3000 (Thermo
Fisher) as a transfection reagent according to the manufacturer’s instructions. On day 2, cells in 6-well
tissue culture plate were detached using TrypLE Express (Gibco), and 40,000 cells were seeded on top of
transfected Vero E6 cells cultured in a 96-well tissue culture plate, resulting in cocultures. After 24 h of
incubation at 37°C and 5% CO,, cells were pretreated for 1 h with 20 uM TRAM-34 or dimethyl sulfoxide
(DMSO). In order to trigger fusion, cells were incubated for 20 min at 37°C and 5% CO, with a low-pH
medium in the presence of 20 uM TRAM-34 or DMSO. The low-pH medium was composed of DMEM
GlutaMAX (Gibco), supplemented with 10% (vol/vol) FCS (Amimed), 10 mM HEPES, and 10 mM MES, with
the pH adjusted to 5 using concentrated HCl. The acidic medium was removed and replaced with fresh
DMEM GlutaMAX and 10% (vol/vol) FCS, and the cells were incubated overnight at 37°C and 5% CO,. On
day 4, the nanoluciferase signal was measured by using the Nano-Glo live cell assay system according to
the manufacturer’s instructions.
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